Currently, there is no standard bench-scale dead-end ultrafiltration (UF) testing system. The aim of the present study was to design and build a bench-scale hollow fiber UF system to assess the impact of operational parameters on membrane performance and fouling. A bench-scale hollow fiber UF system was built to operate at a constant flux (±2% of the set-point flux) and included automated backwash cycles. The development of the bench-scale system showed that it is very difficult to maintain a constant flux during the first minute of the filtration cycles, that digital flow meters are problematic, and that the volume of the backwash waste lines should be minimized. The system was evaluated with Ottawa River water, which has a relatively high hydrophobic natural organic matter content and is typical of Northern Canadian waters. The testing using different permeate fluxes,
INTRODUCTION
New regulations regarding filtration, disinfection, and disinfection by-products (DBPs) have resulted in extensive growth in the use of hollow fiber membrane processes for drinking water treatment (MWH ; Yu & Graham ) . Membrane processes are used to remove bacteria, protozoa, particles, hardness, dissolved salts, and natural organic matter (NOM), the latter being precursors to DBPs. In spite of the many advantages of membrane processes for drinking water treatment applications, there are concerns regarding membrane fouling, that is to say the increase in pressure or a reduction of permeate flux, through the accumulation of the particles on the membrane or within the membrane pores. Fouling can be minimized by the selection of more fouling resistant membranes, frequent backwashing, regular chemical cleaning, and optimized pretreatment (Wray et al. ; Touffet et al. ) . Membrane fouling is caused by suspended particles, microorganisms, inorganic precipitates, and organic molecules (e.g., humic substances) (Nakatsuka et al. ; Yin et al. ). Current understanding of fouling is not sufficient for predicting fouling in dead-end ultrafiltration (UF) systems based on the measured water quality parameters and the membrane properties. Fouling rates are also significantly impacted by the nature of the foulant and the foulant-membrane interactions (Heijman et al. ) . Pilot-scale testing is typically used to determine the treatability of a particular water source, membrane and system selection and to identify suitable operating conditions prior to design. These tests require one or more months and they are costly; they are often only possible when the supplier pays the expenses.
Pilot-plant studies simulate full-operation well but they are not very suitable for systematic investigations (Kim & DiGiano ) . Bench-scale systems, if properly designed, can be a valuable tool in evaluating fouling and predicting the behavior of large-scale dead-end UF plants (Heijman et al. ) . Bench-scale testing of competing membranes, alternative pretreatment processes, and operational regimes are more economical than pilot-scale testing and can economically be used to evaluate more alternatives. Most bench-scale membrane systems in the literature operate at a constant pressure and usually do not include a backwash cycle. In contrast, most full-scale membrane water treatment systems use hollow fibers, operate at a constant flux, and use frequent backwashes. Currently, there is no recognized standard bench-scale hollow fiber system or procedure. The objectives of this study were to design and build a benchscale hollow fiber UF system and to demonstrate its capabilities by testing with a typical Northern Canadian water. The testing consists of: (1) exploring the effects of operational parameters, such as filtration time (FT), backwash time (BWT), and operating fluxes, on membrane performance; and (2) examining the effect of pretreatment on membrane performance. Although others have built similar testing apparatus, there is no standard bench-scale hollow fiber membrane testing apparatus and there are a number of potential problems/issues with these systems. In addition, this type of system has not been used to treat this particular highly colored river water, which has a high NOM content and a large hydrophobic NOM fraction, and is typical of Northern Canadian waters. The fouling data will be modeled to possibly gain insight on the dominant fouling mechanisms.
MATERIALS AND METHODS

Source water
The water selected for this research is Ottawa River water (ORW) which is rich in NOM, but has low turbidity, hardness, and alkalinity; NOM therefore is expected to be the main foulant. Several studies have determined that one of the most important foulants in drinking water treatment is NOM (Zularisam et al. ) . Samples were collected at the Britannia Water Purification Plant which supplies water to the city of Ottawa, Ontario, Canada. The tests used raw water to accelerate the rate of fouling, which should show more clearly the impact of the process variables. NOM-rich waters like ORW would generally be pretreated by coagulation and sedimentation.
Membrane and module configuration
The membrane fibers used in this research are UltraPES 0. UF system design and set-up Figure 1 depicts the UF system layout used in this research.
The system was designed to replicate the filtration and backwash cycles of the full-scale membrane filtration operation. 
UF experiments
The filtration experiments consisted of three different 
Sample collection and analytical methods
Water from the intake of the water purification plant was collected and stored at 4 W C to retard biological degradation.
The water was transferred to the laboratory and allowed to reach room temperature (20 W C) before the filtration test.
Selected chemical and physical characteristics of the source water were determined using Standard Methods 
Evaluation of process parameters and membrane performance
All experiments were analyzed on a dimensionless basis to compare multiple data sets obtained under various experimental conditions. The two main parameters used for evaluating membrane performance throughout this study were normalized specific flux (J NSF ) and backwash efficiency (η).
TMP for dead-end filtration was calculated as follows:
where P in is the pressure at the inlet to the module (kPa) and P p is the permeate pressure (kPa) (MWH ). During this experiment the UF module discharged to the atmosphere, and so the TMP was equal to the gauge pressure at the inlet to the module. Under constant permeate flux (J ) conditions, the fouling rate is observed by the decline in normalized specific flux (J NSF ), calculated as follows:
where J is the constant operating flux (L/m 2 h), TMP 0 is the initial transmembrane pressure (kPa), and TMP is the transmembrane pressure (kPa) at any given time during the
The backwash efficiency (η) was estimated as follows:
where TMP f is the final TMP at the end of the filtration cycle, TMP i is the initial TMP at the start of the same filtration cycle and TMP n is the TMP following a backwash
The fraction of NOM removed from the permeate stream (rejection) was calculated as follows:
where R is rejection (dimensionless), C P is the permeate TOC concentration (mg/L), and C F is the feed water TOC concentration (mg/L) (MWH ).
RESULTS AND DISCUSSION
System construction and trouble shooting
Once the system was assembled, the electronic flowmeters caused significant difficulties in maintaining a constant permeate flux. They were very susceptible to interference by bubbles, which were frequently generated by the switching of the solenoid valves terminating backwashing and starting a new filtration cycle. Meter repositioning, as suggested by the manufacturer, did not solve the problem.
Several alternative computer control schemes were evaluated to compensate for the problem, but the results were not satisfactory. The feed pump was changed to a more powerful peristaltic model and in conjunction with the above control system, it permitted the system to operate at a constant flux ±2% of the set-point flux. This level of flow variability is lower than those observed in many similar systems presented in the literature, but it was only achieved through a great deal of adjustment to the computerized control scheme. The use of electronic flowmeters is not recommended for this type of application.
Other interesting considerations in the design of the systems were related to the effectiveness of the backwashing in removing the accumulated foulant from the module and the system. The initial waste piping was unnecessarily long and appeared to lead to some carryover into the next filtration cycle. The effectiveness of the backwash depends on the backwash flow pattern within the module and the volume of water used in the backwashing. The role of the module geometry on backwash efficiency is an area that requires further research. Based on the TMP versus time patterns, the module design in the current study worked well. However, these modules had to be machined and were only used for one set of tests. Accordingly, alternative designs should be considered.
Securing hollow fibers for this type of test is challenging, as many manufacturers of membrane systems require a consent to publish agreement before donating or selling membrane fibers to researchers. This was not the case for the membranes used in this study. Another experimental challenge encountered was the removal of the membrane preservation agent in the membrane's fibers provided by a second supplier.
Many attempts to remove this agent were unsuccessful, so testing was limited to a single type of membrane.
Water quality characteristics
The characteristics of the source water (ORW) and pretreated ORW are presented in Effect of operating conditions on fouling rate Accordingly, pretreatment is required before a sustainable flux can be identified. Demonstrating this without resorting to pilot-scale test demonstrates the usefulness of these tests.
Effect of operating conditions on backwash efficiency
For the 100 L/m 2 h experiments, the filtration experiments demonstrated that backwash efficiency decreased with increasing FT, ranging from 85.2% for the 15 minute FT and 2 minute BWT to 63% for the 1 hour FT and 1 minute BWT (Table 2 ). These high backwash efficiency water, that is, the flux that minimizes fouling while maintaining reasonable water production.
Summary of experimental results
For the membrane filtration of the raw ORW samples a number of observations can be made about the system/ membrane/water combination. The first, middle, and the last filtration cycles in each of six experiments were analyzed using the blocking law models. They were able to simulate the data quite well, and Figure 6 shows an example of these simulations. middle and last filtration cycles, the best fitting models also vary from one operating condition to the next (Table 3(b) ).
Fourth, for every set of operating conditions, the best fitting models tend to change as the filtration proceeds from the first to the last cycle; these changes do not seem to fit a clear pattern (Table 3(b) ). Accordingly, this modeling approach does not seem well suited for identifying the controlling fouling mechanisms for this type of filtration system and these models should not be used to predict long-term membrane performance.
The reason for assessing the data at the beginning, middle, and end of the experiment was to determine if fouling mechanism dominance changed over time, as the experiment progressed. While for the first cycle the cake filtration model yielded the lowest RMS for half of the six runs (Table 3( 
CONCLUSIONS
The constant flux UF bench-scale system built for this study incorporated automated filtration and backwash cycles and mimicked the performance of full-scale systems. As such it is a convenient tool to assess the impact of operating conditions on membrane fouling and of alternative pretreatment options. Although not demonstrated in this manuscript, these bench-scale systems can also be used to evaluate alternative membrane types, and alternative chemical membrane cleaning options. The development of the new system yielded the following findings. First, it was found that it was difficult to maintain a constant permeate flowrate during the first minutes after the backwash step; a good computer control scheme was required. Second, electronic flowmeters are not recommended for this type of system because they are highly susceptible to bubbles that seem to be generated by the switching of the solenoid valves. Third, the length of backwash waste lines should be minimized to eliminate carryover of foulants into the next filtration cycle.
The UF membrane filtration results of raw ORW, that is typical of Northern Canadian waters, using different permeate fluxes, and filtration and backwash cycles' durations yielded many typical patterns observed in full-scale systems. Although it was expected, the most practical results of the tests is that ORW should be pretreated prior to membrane filtration. As the NOM characteristics vary with the water source, some differences in performance may occur. For this particular water/membrane combination, one of the exceptions observed was that the percent NOM removal decreased slightly for the higher NOM loading rates; it was speculated that the NOM removal was influenced by permeate drag.
The single mechanism fouling models described fouling relatively well, when the fouling data during the first, middle, and last filtration cycles of the six runs was modeled.
As several models simulated the data well and the best fitting models varied with different operating conditions, no conclusions can be made about controlling fouling mechanisms. In addition, for multi-cycle filtration tests, like those conducted in this study, modeling individual filtration cycles using the blocking law models does not appear to yield a consistent logical progression of fouling mechanisms, thus this approach is not recommended. Accordingly, these models should not be used to predict long-term membrane performance and are of little practical value for systems involving many short filtration cycles.
